Reproductive health of humans and animals exposed to daily irradiants from solar/cosmic particles remains largely understudied. We evaluated the sensitivities of bovine and mouse oocytes to bombardment by krypton-78 (1 Gy) or ultraviolet B (UV-B; 100 microjoules). Mouse oocytes responded to irradiation by undergoing massive activation of caspases, rapid loss of energy without cytochrome-c release, and subsequent necrotic death. In contrast, bovine oocytes became positive for annexin-V, exhibited cytochrome-c release, and displayed mild activation of caspases and downstream DNAses but with the absence of a complete cell death program; therefore, cytoplasmic fragmentation was never observed. However, massive cytoplasmic fragmentation and increased DNA damage were induced experimentally by both inhibiting RAD51 and increasing caspase 3 activity before irradiation. Microinjection of recombinant human RAD51 prior to irradiation markedly decreased both cytoplasmic fragmentation and DNA damage in both bovine and mouse oocytes. RAD51 response to damaged DNA occurred faster in bovine oocytes than in mouse oocytes. Therefore, we conclude that upon exposure to irradiation, bovine oocytes create a physiologically indeterminate state of partial cell death, attributed to rapid induction of DNA repair and low activation of caspases. The persistence of these damaged cells may represent an adaptive mechanism with potential implications for livestock productivity and long-term health risks associated with human activity in space.
INTRODUCTION
Livestock kept in the open or grazing under the sun are subjected to not only pathophysiologic effects of heat stress but also to daily bombardment by irradiants of solar/cosmic origin (ultraviolet radiation, protons, neutrons, and nuclei of heavy elements and their decay products). Unfortunately, global warming and ozone depletion have contributed to the increase in magnitude of solar/cosmic radiation or of their decay products reaching the earth. It is estimated that approximately 75% of extraterrestrial direct normal irradiance passes through the atmosphere without being scattered or absorbed [1] [2] [3] [4] [5] [6] [7] ; so, even at ground level, cosmic radiation is part of our normal environment.
Cosmic rays (CRs) are high-energy charged particles that originate in outer space mainly from supernova explosions but also from other stars. They travel at the speed of light, striking the earth at the rate of approximately 1 cosmic ray every cm 2 every minute from all directions, and their presence can still be detected even more than 1 mile below the earth's surface [8] . On average, CRs have a penetration depth in air of approximately 10 km; for comparison, x-rays are 100 times weaker, with an average penetration depth of 100 m. During a regular night's sleep, an average of 1 million CRs will travel through a person's body [9] .
Energetic CRs have damaging effects on living organisms, which are substantially greater than those of x-rays or gammarays [10, 11] . Because this high-frequency radiation has enough energy to remove electrons from atoms or molecules, their direct effects due to passage through the body can leave molecules momentarily ionized. Such ionized particles are unstable and quickly undergo chemical changes; and, as shown in studies by Nobel prize winner H.J. Muller [12] and others [13, 14] , ionization can cause, among other effects, mutations and changes in human genes. There are also reports of DNA strand breaks [15, 16] and decreased capacity of the immune system [17] . Moreover, there is convincing evidence that irradiated cells can send out signals or release harmful substances that can result in the damage of nearby unirradiated cells, a phenomenon known as the bystander effect of radiation [18] [19] [20] [21] . One wonders whether the direct or bystander effects of CRs are responsible for the reported association between CRs and death due to sudden cardiac arrest [22] or the incidence of the genetic damage(s) that triggers a significant fraction of human cancers in the general population (at ground level) [23] and in humans working at high altitudes (e.g., pilots and other air crew members) [24, 25] . Of particular interest to us are the findings that fertility levels are lower among some high-altitude human populations [26] . Although low oxygen pressure was thought to be the main causative factor, it is equally possible to speculate that CRs were responsible for the observed subfertility in those populations, as a link between infant mortality rate and density of cosmic radiation has also been proposed [27] . More recently, it was observed that sperm at high altitude exhibit alterations of both the mitochondrial DNA copy number and the integrity of the nuclear DNA and, therefore, the possibility that male fertility is directly affected [28] . Interestingly, due to the effect of CRs on living organisms, these particles are also considered a possible cause of mass extinctions [29] [30] [31] , and changes in their energetic activity have even been suggested to have a possible impact on the history of ancient civilizations [32] .
We are not aware of similar studies in animal populations, except for few studies carried out in nonmammalian models (i.e., embryos from Japanese medaka, Oryzias latipes [33] , and Xenopus laevis [34] ), in which the biological damage associated with high-energy neutrons ranged from increased apoptosis in the developing brain to abnormal morphogenesis and death. The impact of CRs on the health of mammalian species, particularly livestock, remains largely undetermined. Hence, we were motivated to investigate these aspects of CR irradiation and specifically to determine their role as one of the causative factors of unexplained infertility in cattle.
Infertility is the diminished capacity or inability to produce viable and healthy offspring. In certain cases, the causative factors for infertility are relatively easy to determine; for example, aging, diseases, and disorders that directly affect female reproductive organs and related hormones are major causes of infertility [35] [36] [37] . In many other instances, however, when the causative factors cannot be identified, the inability to reproduce is referred to as ''unexplained'' or ''idiopathic'' infertility. Many studies have implicated unexplained infertility as one of the most important causes of culling and high economic loss in cattle farming [38] .
We propose that one potential cause of unexplained infertility in cattle is the damage sustained by their germ cells as a consequence of daily irradiance from solar/cosmic particles. As discussed earlier, particles of cosmic origin have the capacity to penetrate tissues and traverse the whole body without losing all their energy [6, 39] , and, as they traverse, they cause ionization and consequently DNA damage in various cell types, including germ cells in the ovaries.
We believe that continuous exposure of cattle to sublethal doses of ionizing radiation from solar/cosmic particles has evolutionarily induced oocytes to develop a rapid DNA repair mechanism, which is plagued with aberrant repairs. Oocytes bearing such repairs are fertilizable, but the ensuing embryos undergo fetal/perinatal mortality, thus affecting the overall fertility of cattle. The consequences of such events for the reproductive health of cattle have not been evaluated, yet they could be responsible for a percentage of the reported unexplained infertility problems (clinical or subclinical).
In the bovine family, fertility is highly compromised in cows receiving embryos that have sustained DNA damage from events such as handling during nuclear transfer [40] . Despite DNA damage, in vitro preimplantation embryo development is not affected at all. Nevertheless, the percentage of live born calves and their survival are extremely low. These observations coupled with the ability of charged energetic particles to induce ionization, led us to hypothesize that solar/ cosmic particles penetrating body tissues are capable of inducing DNA double-strand breaks (DSBs) in oocytes and that bovine oocytes have evolved a quick repair mechanism to handle DNA damage from ionizing radiation. In mouse oocytes, we and others have recently demonstrated that RAD51, a protein involved in the homologous repair of DNA DSBs is a critical determinant of the cell's fate [41] [42] [43] . Because this protein is highly conserved among species, we also expect RAD51 to be of paramount importance for the survival and death of bovine oocytes. The present experiments were designed to evaluate the sensitivities of bovine and mouse oocytes to irradiation effects of solar/cosmic particles by using krypton (Kr-78) or ultraviolet-B (UV-B) radiation as an example. It should be noted here that the primary CRs hitting the earth's atmosphere consist of a flux of particles originating from galactic sources and solar winds. These particles are made up of 92% protons, 6% alpha particles, and 2% heavier atomic nuclei [44] . Collision of the primary rays with atmospheric atoms triggers a cascade of secondary particles, with consequential final energy levels hitting the terrestrial surfaces constituting fewer than 1% of the original primary flux. Highenergy high-Z isotopes such as Kr-78 (mass number [A] ¼ 78; atomic number [Z] ¼ 36) used in our experiments may constitute negligible amounts in the secondary cosmic flux and would be broken up upon collision with atmospheric atoms. Hence, Kr-78 was used in our experiments to simulate a dose of energy from primary CRs or cascade particles that would be incident at sea level.
MATERIALS AND METHODS

Bovine Oocyte Collection and Maturation
Cows' ovaries were collected from a local abattoir and transported to the laboratory in warmed PBS containing antibiotics. Cumulus-oocyte complexes (COC) were aspirated from follicles of 3-5 mm in size. COCs were matured for 24 h (at 398C in a humidified atmosphere of 5% CO 2 -95% air) in medium 199 supplemented with fetal bovine serum, follicle-stimulating hormone, luteinizing hormone, sodium pyruvate, and gentamicin sulfate. The next day, mature oocytes were denuded of cumulus cells with hyaluronidase and randomized into treatment groups in triplicates (100 metaphase II [MII] oocytes/tube, containing HEPES-buffered hamster embryo culture medium; [HH] medium). The tubes were taken to the National Superconducting Laboratories (NSCL) cyclotron for irradiation (Fig. 1) .
Bovine In Vitro Fertilization
Mature oocytes were transferred into tyrode albumin lactate pyruvate-based fertilization medium [45] . Frozen-thawed sperm was selected by Percoll (Sigma-Aldrich) gradient and added to the medium containing the oocytes at 1 3 10 6 sperm cells/ml. Fertilization was carried out for 18 h at 38.58C in 5% CO 2 in high humidity. Presumptive zygotes were cultured under mineral oil in simplex optimization medium with potassium and amino acids (KSOMaa; Millipore) supplemented with 3 mg/ml bovine serum albumin (BSA; Sigma).
Parthenogenetic Activation of Bovine Oocytes
Mature oocytes were denuded of cumulus cells with hyaluronidase (1 mg/ ml) and vortexing. Denuded oocytes were activated using 5 lM ionomycin in HH medium for 4 min. Presumptive zygotes were placed in drops of 2 mM 6-dimethylaminopurine (DMAP; Sigma) in culture medium (KSOM) and incubated for 4 h at 38.58C in 5% CO 2 and high humidity [46] . After this, parthenogenetic zygotes were placed in drops of KSOM and cultured as described for in vitro fertilization (IVF).
Mouse Oocyte Collection
The female mice used in all experiments were purchased from Charles River Laboratories. Mice were kept in well-controlled animal housing facilities and had free access to water and food. All experiments involving animals described herein were reviewed and approved by the institutional animal care and use committee of Michigan State University. Mice were superovulated with 10 IU of equine chorionic gonadotropin (Professional Compounding Centers of KUJJO ET AL.
America, Houston, TX), followed by 10 IU of human chorionic gonadotropin (hCG; Serono Laboratories, Norwell, MA) 46 h later. Mature oocytes were collected from the oviducts 16 h after hCG injection. COCs were denuded of cumulus cells by a 1-min incubation in a solution of 80 IU/ml hyaluronidase (Sigma, St. Louis, MO), followed by 3 washes with culture medium. Mature oocytes were then randomized to treatment groups in triplicates (100 MII oocytes/tube) and taken to the NSCL cyclotron for irradiation (Fig. 1) .
Irradiation
Linear energy transfer (LET) irradiation of all samples was performed at the NSCL on the MSU campus. Before and during irradiation, samples were maintained in HH medium at room temperature. Samples assigned to treatment groups were irradiated ( Fig. 1) for various times (30-420 sec) with Kr-78 ions at 150 MeV/nucleon (an approximate kinetic energy of 11.7 GeV) [6] . Each group received 1 Gy of LET radiation. Controls included (a) one group of unirradiated oocytes and (a) one group that was subjected to all manipulations except irradiation. Following irradiation, the specimens were transported back to the laboratory, and half were immediately analyzed for DNA damage. The remaining samples were transferred into fresh culture medium and incubated for various periods of time. In some experiments, oocytes were exposed to UV-B irradiation (100 microjoules) before incubation.
Oocyte Culture
Immediately after irradiation, all bovine and mouse oocytes were transported to our laboratory and incubated for 6-24 h at 398C in a humidified atmosphere of 5% CO 2 -95% air. Oocyte cultures were carried out in human tubal fluid (Irvine Scientific, Santa Ana, CA) supplemented with 0.5% BSA (fraction V; Gibco-BRL Life Technologies, Grand Island, NY). Culturing of oocytes was done in 0.1-ml drops of culture medium (10 oocytes/drop) under paraffin oil (Specialty Media, Phillipsburg, NJ), and cultures were incubated at 378C in a humidified atmosphere of 5% CO 2 -95% air. In some experiments, oocytes were incubated in the presence of an inhibitor of RAD51 (50 lM of 4,4 0 -diisothiocyanatostilbene-2,2 0 -disulfonic acid ; product number D3514; Sigma) [47] . Oocyte morphology was evaluated at the end of the culture period.
Analysis of Apoptosis/Necrosis/Health
At the end of the culture period, some oocytes were fixed and evaluated as detailed previously [41, 48, 49] for characteristics of apoptosis, mainly morphological changes (e.g., condensation, budding, and cellular fragmentation) and biochemical alterations (i. Mature oocytes were collected from both mouse and bovine. After cumulus cells were removed, oocytes were transferred into 1.5-ml tubes and randomized to treatment groups in triplicates. All tubes were arranged on a microtube rack designed for the experiments. This rack contains slots in 8 lanes labeled A-H and 5 rows labeled 1-5, spaced to ensure that the beam strikes only 1 sample per lane and penetrates all 3 samples in a row without significant loss in energy. The rack was set on top of the target platform inside the irradiation room, and irradiation of samples was accomplished via a remote computerized system fitted with video cameras and located outside the irradiation room. By focusing on the locating pins on the rack via the camera, the beam could be positioned accurately. Following irradiation, the specimens were transported back to the laboratory.
OOCYTE'S SUSCEPTIBILITY TO SOLAR/COSMIC RADIATION
for analysis of annexin V exposure (Apoptotic & Necrotic & Healthy cells quantification kit; Biotium, Inc., Hayward, CA), and caspase 3 (CASP3) activity (NucView 488; Biotium) following the manufacturer's instructions. The percentage of the total number of oocytes cultured per drop that underwent apoptosis in each experiment was then calculated.
Comet Assay
Pools of mature (MII) oocytes (bovine and mouse) were irradiated and then cultured for 6 h in control medium. DNA damage was assessed by the neutral version of the comet assay to detect DSBs, as detailed in the manufacturer's instructions (Trevigen) [42, 48, 49] . In this assay, damaged DNA is able to migrate from the cell during electrophoresis and can be visualized by using SYBR Green nucleic acid gel stain (Invitrogen; Carlsbad, CA). Cells that have accumulated DNA damage appear as fluorescent comets with tails of DNA fragmentation, whereas normal, undamaged DNA does not migrate far from the origin and remains inside the cell. The fluorescent tail length increases as a function of DNA damage. Analysis of the individual comets to generate quantitative data was performed using a computer-based program (VisComet; Impuls Computergestutzte Bildanalyse GmbH, Gilching, Germany) [50] . The program automatically calculates all measurement parameters including tail moments, tail percent intensity, and tail length. These parameters are widely regarded as the most informative measures of DNA damage. Here, we report tail percent intensity as percentage of damaged DNA per cell.
Cytochrome c Release
The analysis of cyt-c release is important in determining the cell's commitment to apoptosis. After irradiation, oocytes were fixed (8% paraformaldehyde in PBS), and the release of cyt-c was assessed with the InnoCyte cyt-c release kit (EMD Chemicals) according to the manufacturer's instructions. The kit reagent relies on the selective permeabilization of the cellular membrane for release of cytosolic components while leaving the mitochondrial membrane intact. Viable cells will display mitochondrial staining of cyt-c, while cells committed to the apoptotic process do not stain as they release cyt-c from the mitochondria to the cytosol. Cyt-c was detected using fluorescent microscopy after cells were stained with a monoclonal antibody specific to cyt-c and fluorescein isothiocyanate (FITC)-labeled secondary antibody.
Analysis of CASP3 Activity
Immediately after irradiation or at the end of the incubation period, oocytes were incubated for 1 h in the presence of 5 ll of NucView 488 CASP3 substrate solution, in accordance with manufacturer's instructions. In this assay, a specific CASP3 substrate is linked to a high-affinity DNA dye. The substrate rapidly crosses the cell membrane and enters the cell cytoplasm. If CASP3 is active, it cleaves the substrate, and therefore, the high-affinity DNA dye is released, which then binds and stains DNA (metaphase plate) bright green. The more the quantity of active CASP3 found in the cytoplasm, the larger the amount of DNA binding dye released and, therefore, the greater the amount of fluorescence [51] . At the end of that period, oocytes were fixed and analyzed with a fluorescent microscope using an FITC filter. Oocytes were serially scanned, and 10 optical sections were analyzed using MetaMorph software (Molecular Devices, Inc., Sunnyvale, CA). The total fluorescence was determined on stacked images, and mean relative fluorescent units (RFU) in each group were calculated for bovine or mouse oocytes.
Oocyte Microinjection
Immediately after they were isolated, denuded oocytes were microinjected with buffer or with recombinant human RAD51 (hRAD51; 6 pl of a 3.6 lg/ll stock per oocyte; this protein was purified and tested by Dr. Kurumizaka at RIKEN institute, Japan) or with mouse recombinant pro-CASP3 (6 pl of a 0.1 lg/ll stock; Biovision, Mountainview, CA) or with BSA (at equivalent concentrations). Oocytes that did not survive the microinjection procedure (usually ,15%) were discarded [42, 48, 49] . Remaining oocytes were divided into two groups, control (CON) and irradiation exposed. Oocytes were cultured for up to 24 h with or without DIDS-50 lM. At the end of the culture period, assessment of apoptosis was performed as described earlier.
Immunodetection of RAD51 in Oocytes
Mature oocytes were isolated and cultured, either as unexposed (CON) or exposed to UV-B irradiation (100 microjoules). During the first 30 min of incubation, oocytes were fixed every 5 min and processed for detection of DNA (4 0 ,6-diamidino-2-phenylindole [DAPI] staining) and colocalization of RAD51
by immunocytochemistry as described previously [41] . Briefly, at the end of the incubation period, oocytes were fixed in neutral-buffered 10% formalin for at least 20 min at room temperature. After fixation, oocytes were washed twice in PBS and stored at 48C until the immunostaining procedure was performed. Permeabilization was achieved by a 10-min preexposure to 0.5% Triton X in PBS, followed by blocking in PBS containing 10% goat serum and 0.05% Triton X-100. Oocytes were then immunostained overnight at 48C by using a 1:100 dilution of an affinity-purified mouse monoclonal antibody raised against full-length human RAD51 (Upstate USA, Inc., Charlottesville, VA) prepared in PBS supplemented with 0.05% Triton X-100. Slides were washed and incubated with a 1:1000 dilution of anti-mouse immunoglobulin G (IgG) conjugated with Alexa Red (Molecular Probes). Slides were washed, mounted with Prolong and subsequently viewed by confocal microscopy. Oocytes not exposed to primary antibody were used as negative controls to determine background, which was subtracted from each value before final analysis.
Quantitation of Fluorescent Signals
After they were stained for determination of CASP3 activity, cyt-c release, and RAD51 expression, oocytes were fixed (to fix the fluorescent signal) and transferred onto slides. The slides were washed and mounted with Prolong with or without DAPI (Invitrogen) and subsequently viewed by confocal microscopy. Oocytes were serially scanned, and 10 optical sections were analyzed using Metamorph software. Total fluorescence was determined with stacked images, and mean RFU values in each group were calculated for bovine or mouse oocytes. Oocytes not exposed to primary antibody or the substrate were used as negative controls to determine background, which was subtracted from each value before final analysis.
Statistical Analysis
Due to the high cost of performing experiments using NSCL facilities, samples were irradiated with Kr-78 only once, but all samples were run in triplicate. UV-B experiments were independently replicated at least 3 times. Quantitative data from the irradiated and unirradiated groups were subjected to one-way ANOVA, followed by the Duncan multiple range test or Scheffe Ftest. A P value of less than 0.05 was considered significant for all comparisons. Data shown in graphs represent the means 6 SEM of the combined data.
RESULTS
In previous experiments (our unpublished data) performed at Columbia University (NY), we bombarded mature (MII) and immature (germinal vesicle [GV]) mouse oocytes with alpha particles. In those preliminary observations, most oocytes exposed to alpha particles sustained DNA damage, characterized by DSBs, and died by apoptosis. In the present experiments, we tested the sensitivity of both bovine and mouse oocytes to irradiation by solar/cosmic particles, particularly to Kr-78 ions.
Based on morphology, we observed that within 6 h after LET irradiation, 82% of the mouse oocytes underwent necrosis (Fig.  2, H and I) , while in the bovine oocytes, no apparent morphological changes were observed at that time (Fig. 2D) . However, biochemical analyses revealed that from a total of 150 bovine oocytes analyzed, 21.3% 6 6.2% underwent necrosis, 25.3% 6 3.1% were healthy, and 53% 6 2.3% initiated an apoptotic program as determined by annexin-V-positive staining (Fig. 2, A and I) . As for the mouse oocytes, this biochemical test confirmed that 82% 6 6.18% of oocytes were necrotic, 9.8% 6 3.08% were annexin-V positive, and 8.2% 6 1.23% were healthy (Fig. 2, E and I; N ¼ 120) . No apoptosis or necrosis was observed in the CON oocytes, i.e., those not subjected to LET radiation (bovine, N ¼ 92; mouse, N ¼ 40).
By 24 h postirradiation, the percentage of necrotic mouse oocytes had increased to 90% 6 4.67% (N ¼ 60), whereas the percentage of bovine oocytes remained relatively constant, at approximately 23% 6 3.45% (N ¼ 197) . The percentage of annexin-V-positive bovine oocytes increased to 70% 6 3.81%. Neither apoptosis nor necrosis was seen in any of the control groups, either for mouse or bovine cells.
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FIG. 2. Kr-78 irradiation initiates apoptosis in bovine oocytes but induces necrosis in mouse oocytes. Upon exposure to LET irradiation using Kr-78, bovine oocytes exhibited annexin-V exposure, cyt-c release, and activation of CASP3. A) annexin-V exposure, a marker of apoptosis, was detected via a fluorescein-labeled antibody. Positive oocytes (green) are indicated by arrows, whereas arrowheads point to necrotic oocytes (orange/red). During necrosis, the plasma membrane is damaged and therefore permeable to propidium iodide. The inset in A shows a higher magnification of one green oocyte shown in the main panel. B) Representative oocyte showing evidence of cyt-c release, shown by the homogenous green pattern (background color) all around the cytoplasm (more than 50% of bovine oocytes exhibited this pattern). Cells committed to the apoptotic process showed only this background color because they released cyt-c from the mitochondria to the cytosol and out of the cell. For comparison, the inset shows an oocyte where cyt-c release did not occur. These cells displayed staining of cyt-c inside the mitochondria, which is seen predominantly underneath the plasma membrane as a granular bright green staining. C) Caspase 3 activity, in this assay, a specific CASP3 substrate is linked to a high-affinity DNA dye. The substrate rapidly crosses the cell membrane and enters the cell cytoplasm. If CASP3 is active, it cleaves the substrate and therefore the high-affinity DNA dye is released, which then binds and stains the DNA (metaphase plate) brightly green. The greater the quantity of active CASP3 found in the cytoplasm, the larger the amount of DNA binding dye that is released and, therefore, the greater the amount of fluorescence. In the oocyte on the right, the arrowhead points to an area of positive reaction (bright green spot coinciding with the metaphase plate), whereas in the oocyte on the left, there is no activation of caspases (no bright spots seen, only green background). D) A group of bovine oocytes 6 h after irradiation. Morphologically, most oocytes shown here look normal (dark cytoplasm and no apparent abnormal morphological changes). Most mouse oocytes underwent necrosis, as indicated by propidium iodide-positive staining; no release of cyt-c; massive activation of CASP3; and necrotic morphological appearance. E) Arrowheads point to propidium iodide-positive oocytes. F) An example of a mouse oocyte in which the cyt-c remained inside the mitochondria, and therefore, it appears as a green bright spot. This spot most probably marks the area in the cytoplasm with aggregation of mitochondria. When the oocytes release the cyt-c from the mitochondria after treatment (as was the case in bovine oocytes after irradiation), no bright spots are detected; only 10% of mouse oocytes released cyt-c following irradiation. G) Massive activation of CASP3 was seen in 80% of the mouse oocytes. Notice that the bright green fluorescence occupies approximately one fourth of the cytoplasm (compare with Fig. 2C , where only a small green spot is detected). H) Characteristic morphology of a necrotic mouse oocyte as seen with light microscopy 6 h after irradiation. During necrosis, the oocytes flatten, the perivitelline space disappears due to the expansion of the oocyte cytoplasm, and the oocyte cytoplasm becomes very translucent; there is no cellular fragmentation because there is a lack of ATP. Bars ¼ 80 lm. I) Quantitative data show the mean percentages 6 SEM of healthy, apoptotic (annexin-V-positive) and necrotic bovine and mouse oocytes following exposure to Kr-78 irradiation. No apoptosis or necrosis was observed in the control oocytes (bovine, N ¼ 92; mouse, N ¼ 40). Filled bars, bovine; opened bars, mouse. The number of oocytes analyzed per group is indicated at the top of the bars. *P , 0.05. All photomicrographs and quantitative data presented were obtained 6 h after irradiation.
OOCYTE'S SUSCEPTIBILITY TO SOLAR/COSMIC RADIATION
Interestingly, although a high percentage of bovine oocytes were annexin-V positive (an early marker of apoptosis), by 6 h after irradiation, we never observed cytoplasmic fragmentation, even after 24 h of incubation. Therefore, to determine whether the apoptotic program in the bovine oocyte does or does not progress beyond the earlier stages, we analyzed three downstream apoptotic events, cyt-c release, CASP3 activity, and DNA damage, in both bovine and mouse oocytes at 6 h and at 24 h after irradiation. Consistent with the earlier findings of necrosis in mouse oocytes, the mouse germ cells exhibited extensive activation of CASP3 (Fig. 2G ) and no release of cytc (Fig. 2F) , both findings reflecting death by necrosis. From the 50 mouse oocytes analyzed (25 oocytes at 6 h and 25 oocytes at 24 h) only 5 oocytes exhibited cyt-c release (data not shown). Moreover, 40 of the 50 oocytes analyzed displayed extensive activation of CASP3 (RFU, 640 6 58; P , 0.05 compared to bovine) (Fig. 2G) . On the other hand, more than 50% of bovine oocytes exhibited cyt-c release (54% 6 2.36%) (Fig. 2B ) and mild activation of CASP3 (RFU, 124 6 23) (Fig.  2C) , confirming the fact that apoptosis was underway. No activation of CASP3 was noted in control oocytes; the fluorescent signal remained at approximately background levels for both mouse and bovine oocytes (RFUs of 26 6 4.9 and 48 6 1.6, respectively). Very few oocytes (,1%) released cyt-c in the control groups from both mouse and bovine oocytes.
Next, we analyzed DNA damage by using the comet assay. It is important to remember that necrotic oocytes do not form any comet, and therefore, comparison between bovine and mouse oocytes was performed using a low number of mouse   FIG. 3 . Kr-78 irradiation induces DNA damage in both bovine and mouse oocytes. DNA damage was evaluated by the comet assay. In this assay, damaged DNA is able to migrate out of the cell during electrophoresis and can be visualized using SYBR Green nucleic acid gel stain. Cells that have accumulated DNA damage appear as fluorescent comets with tails of DNA fragmentation (in C-F, comets are marked by brackets), whereas, normal undamaged DNA does not migrate far from the origin and remains inside the cell (A, B, G, and H). The fluorescent tail length increases as a function of DNA damage. A and B) No DNA damage was observed in oocytes that were not exposed to irradiation. C and D) Mouse and bovine oocytes exposed to irradiation exhibit DNA damage. In the bovine oocyte (D) the percentage of damaged DNA was three times less than in the mouse oocyte (C). E and F) Inhibition of RAD51 with DIDS-50 (50 lM) following irradiation increased the percentage of damaged DNA in both mouse and bovine oocytes. G and H) Microinjection of recombinant hRAD51 before irradiation, totally prevented irradiation-induced DNA damage in both bovine and mouse oocytes. Original magnification 340 (A, C, E) and 310 (B, D, F-H); bars ¼ 80 lm. I) Quantitation of the DNA damage shows the mean percentages 6 SEM of damaged DNA under different conditions. Filled bars, bovine; opened bars, mouse. The number of oocytes analyzed per group is indicated at the top of the bars. *P , 0.05.
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oocytes. The results showed that 50% of bovine oocytes sustained DNA damage, but the extent of damaged DNA was 3 times less than the damage displayed by mouse oocytes undergoing apoptosis (respectively, percentage of damaged DNA, 15% 6 5% [N ¼ 40] vs. 45% 6 3.6% [N ¼ 5] (Fig. 3, D and I, and C and I, respectively). Taken together, these results provide evidence that after irradiation, the bovine oocyte starts the apoptotic cell death program, but the program appears to stop short of cytoplasmic fragmentation.
Next, to explore the mechanism(s) leading to the halted cell death program, we targeted two pathways, DNA repair and CASP3 activation. Both pathways have been proven to play critical roles in the induction of cytoplasmic fragmentation in other experimental models [42, [52] [53] [54] . Recently, we demonstrated that in mouse oocytes, overexpression of RAD51 prevents DNA damage and cytoplasmic fragmentation [41, 42] . Hence, to start elucidating the significance of RAD51 in bovine oocytes, we first inhibited its activity by incubating nonirradiated bovine oocytes for 24 h with or without DIDS-50 (a specific inhibitor of RAD51). Inhibition of RAD51 alone induced 33% 6 3.5% cellular fragmentation (N ¼ 50) (Fig.  4B) , whereas 0% cellular fragmentation was found in both control (CON, no DIDS; N ¼ 50) (Fig. 4A ) and irradiation alone (Kr-78; N ¼ 46). However, when bovine oocytes were first irradiated and then incubated in the presence of DIDS-50 for 24 h, the percentage of fragmented oocytes increased to 47% 6 1.89% (using Kr-78 plus DIDS-50; N ¼ 45), and the amount of damaged DNA increased as well (percentage of damaged DNA, 30% 6 8%; N ¼ 40) (Fig. 3, F and I) compared to oocytes exposed to Kr-78 alone (percentage of damaged DNA, 13% 6 2%; N ¼ 40) (Fig. 3, D and I ) or no DIDS CON (percentage of damaged DNA, 2.0% 6 0.97%; N ¼ 51) (Fig. 3, B and I) . In mouse oocytes, inhibition of RAD51 following irradiation increased the percentage of damaged DNA from 45% 6 3.6% (using Kr-78 irradiation; N ¼ 5) (Fig.  3 , C and I) to 62% 6 4.7% (using Kr-78 plus DIDS-50; N ¼ 10) (Fig. 3, E and I) .
In contrast, microinjection of recombinant hRAD51 before irradiation totally prevented irradiation-induced DNA damage in both bovine and mouse oocytes (using microinjected RAD51 plus Kr-78, the percentage of damaged DNA in bovine was 2% 6 0.23% [N ¼ 70], whereas in mouse, the percentage of damaged DNA was 1.5% 6 0.64% [N ¼ 25]) (Fig. 3, H and I, and G and I, respectively) .
Therefore, in bovine and mouse oocytes, RAD51 appears to be a critical player during both the response to DNA damage and in the final steps of apoptosis culminating in cytoplasmic fragmentation. However, because the mature oocyte is a cell that is destined to die in the absence of fertilization, questions may arise as to whether the effects we observed after inhibiting RAD51 are applicable to other cells, particularly actively dividing cells. Therefore, we evaluated the effects of incubating bovine IVF embryos and parthenotes at the zygote stage for 24 h with or without DIDS-50. For both IVF embryos and parthenotes, incubation with DIDS-50 for 24 h induced cytoplasmic fragmentation (83% 6 5.12% for IVF [N ¼ 106]; 67.8% 6 11.02% for parthenotes [N ¼ 169]; P ¼ 0.26) (Fig. 4, D (Fig. 4C ) or in control parthenotes (1.5% 6 1.04% [N ¼ 143]) (Fig. 4E) . In addition to increased cellular fragmentation, embryos exposed to DIDS-50 for 24 h also exhibited increased activation of CASP3 (RFU, 532 6 15 for IVF [N ¼ 64] ; RFU, 487 6 24 for parthenotes) (Fig. 5D ) compared to the CASP3 activity seen in control embryos (RFU, 53 6 5.2 [N ¼ 78]; P , 0.05) (Fig. 5C ) or in oocytes following irradiation (RFU, 124 6 23 [N ¼ 50]; P , 0.05) (Fig. 2C) .
Caspase 3 has been implicated in cytoplasmic fragmentation in other cells [52] [53] [54] , and as the bovine oocyte exhibited mild activation of CASP3 following irradiation, our next step was to increase CASP3 activity in bovine oocytes by microinjecting recombinant CASP3 before exposing the oocytes to irradiation. Microinjection of CASP3 induced cellular fragmentation without significant changes in DNA damage (microinjected CASP3 plus Kr-78, 38% 6 3.7% cellular fragmentation [N ¼ 71]; P , 0.05) (Fig. 6F ) compared to control (CON, 0% cellular fragmentation) (Fig. 6, A and F) or irradiation with Kr-78 (0% cellular fragmentation) (Fig. 6, B and F) or UV-B alone (0% cellular fragmentation). The maximum cellular fragmentation was observed when oocytes were treated with a combination of microinjected CASP3 followed by irradiation and then incubated in the presence of DIDS-50 (76% 6 7.2% cellular fragmentation [N ¼ 63]; P , 0.05) (Fig. 6, E and F) . Importantly, microinjection of bovine oocytes with hRAD51 markedly decreased both cytoplasmic fragmentation (19% 6 2.1% cellular fragmentation [N ¼ 69]) (Fig. 6F ) and DNA damage (data not shown) induced by microinjected CASP3 plus Kr-78 (P , 0.05).
In earlier experiments, we found that bovine oocytes do die if exposed to UV-B irradiations; nevertheless, they do not undergo cellular fragmentation, an outcome that closely resembles the results observed following their exposure to Kr-78. Also, because UV-B waves are also components of solar/cosmic radiation, we decided to use their energy to further analyze the mechanism underlying the lack of cellular fragmentation in bovine oocytes. Hence, in the last set of (Fig. 2C) . Original magnification 360.
FIG. 6.
Lack of cellular fragmentation in the bovine oocyte following irradiation might be due to mild activation of CASP3. A-E) DAPI staining of the oocytes under different experimental conditions. A) Control oocyte, no DNA cleavage and no cytoplasmic fragmentation. Intact DNA (arrowheads) is observed; one of those corresponds to the DNA of the oocyte (metaphase plate) and the other to the DNA in the polar body. B) Notice that DNA damage induced by Kr-78 radiation is not detected by DAPI staining, and the DNA appears to be intact (arrowhead); compare to Figure 3D . C) Examples of necrotic oocytes found shortly after microinjection. Notice that there is neither DNA cleavage nor cytoplasmic fragmentation. D) Cellular and DNA fragmentation (denoted, respectively, by asterisks and arrowheads) in bovine oocytes exposed to radiation and incubated in the presence of an inhibitor of RAD51. E) Maximum cellular and DNA fragmentation (denoted, respectively, by asterisks and arrowheads) were observed when bovine oocytes were treated with a combination of microinjected CASP3 plus Kr-78 plus DIDS-50. Original magnification 340 (A-C) and 360 (D, E). F) Quantitative analysis of cellular fragmentation for different treatment groups (means 6 SEM). Microinjection of bovine oocytes with hRAD51 markedly decreased cytoplasmic fragmentation induced by CASP3 plus Kr-78. The number of oocytes analyzed per group is shown at the top of each bar. Columns with different letters are significantly different. P , 0.05.
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experiments, we analyzed the location of RAD51 by immunocytochemistry every 5 min, during the first 15 min following UV-B irradiation in both bovine and mouse oocytes. We found that upon induction of DNA damage, the RAD51 response was faster in bovine oocytes than in mouse oocytes. Five minutes after irradiation, 84% of bovine oocytes (N ¼ 46) showed evidence of RAD51 colocalization to the damaged DNA (Fig. 7, A-F) , with no apparent change for the next 10 min (N ¼ 98). In contrast, we found no evidence of colocalization of the protein in mouse oocytes during the first 10 min (N ¼ 100) (Fig. 7, G and H) . However, by 15 min, the colocalization was apparent in 50% of the mouse oocytes analyzed (N ¼ 50; data not shown) [41] .
DISCUSSION
Based on comparisons between mouse and bovine oocytes, data from the present experiments suggest that large differences in radiation sensitivity exist between female germ cells from different mammalian species. The apparent resistance of bovine oocytes to ionizing radiation could be explained as an adaptive response to continuous exposure [7, [55] [56] [57] [58] [59] ; after all, even before domestication, livestock have been grazing natural rangelands under direct sun rays and being bombarded by solar/cosmic radiations. These energy correlates are not limited to livestock, as all living organisms are continuously exposed to natural ionizing radiation. Hence, it is generally accepted that evolution of life on our planet has been relatively influenced by mutagenic effects of irradiants that reach the earth [6] . In the present studies, we uncovered the fact that mouse oocytes are extremely sensitive to radiation compared to bovine oocytes, confirming the concept that the degree of resistance to radiation appears to be inversely correlated to the expanse of earlier exposures. Similarly in humans, as suggested recently by Astbury [23] , there is a lack of direct relationship between death rates from cancer and the intensity of CRs, when comparing data from people living at high altitudes to those living at sea level; most probably this reflects the body's adaptation mechanism(s) for defense against cellular damage in increased radiation fields.
Recent evidence indicates that different cells exposed to low doses of ionizing radiation switched on the transient upregulation of DNA repair systems and antioxidant activity in a phenomenon called adaptive response [55] [56] [57] [58] [59] [60] . However, this adaptive response also has been associated with early activation of DNA repair mechanisms lacking repair fidelity, which possibly contribute to an accumulation of chromosomal aberrations [61, 62] . Therefore, in the bovine oocyte, the early activation of such faulty DNA repair mechanisms following a DNA insult might directly contribute to infertility. Although in the present experiments we did not evaluate fertilizability and embryo development of the oocytes exposed to radiation, our recent unpublished observations are that bovine oocytes exposed to a DNA-damaging agent (doxorubicin) are fertilizable; however, further preimplantation embryo development is highly compromised. Consequently, we speculate that bovine oocytes bearing aberrant repairs are fertilizable, even though the ensuing embryos undergo fetal/perinatal death, thus affecting the overall fertility of cattle.
Earlier studies in humans have observed unique patterns of DNA damage and gene expression following exposure to high LET radiation [39, 63] . However, the mechanism(s) responsible for the alterations in gene expression remains mostly unknown. It is our hypothesis that global epigenetic transformations of the genome that particularly affects genes involved in the DNA damage response (among those, the RAD51 gene) have evolved in bovine oocytes as a strategy to adapt to continuous irradiation by secondary solar/cosmic particles and that such adaptations play an important role in the development of infertility. Additional studies will be required to understand the regulation of RAD51 at the molecular level in the bovine model.
Several questions remain unanswered; for example, what controls the speed of DNA damage recognition in the bovine compared to that in the mouse; and why do meiotic cells (oocytes) appear to be less sensitive to inhibition of RAD51 actions than mitotic cells (blastomeres)? It would be even more intriguing to determine what purpose is served to maintain cells that are halfway dead. Is this to control and maintain a constant OOCYTE'S SUSCEPTIBILITY TO SOLAR/COSMIC RADIATION rate of germ cell demise and, therefore, to prevent acceleration of germ cell depletion and shortening of the reproductive life [64] [65] [66] ; or is its purpose to prevent a massive immune response, because apoptosis has the potential of inducing or exacerbating autoreactive immune responses by exposing the cell's nuclear antigens [67] [68] [69] [70] [71] ? Moreover, mitochondrial injury and activation of the DNA damage/repair pathways also trigger the release of endogenous damage-associated molecular patterns that activate innate immunity through pattern recognition receptors [72] .
Interestingly, in the bovine oocyte, as happens in many other types of cells, CASP3 is required for both cytoplasmic (membrane blebbing and fragmentation) and nuclear events (DNA fragmentation) associated with apoptosis [52] [53] [54] . However, in the mouse oocyte, CASP3 is dispensable for either one of these apoptotic events [73] . Therefore, continued studies of the effects of and mechanisms involved in radiation on different mammalian models would be justified in order to delineate the potential risks associated with exposure of women to radiation.
Although knowledge regarding the impact of solar CRs on the health of airplane crews has been growing [2] [3] [4] [74] [75] [76] [77] , our scientific knowledge of approximate health effects of natural ionizing radiation exposure at ground level on plants, animals, and humans remain largely undetermined. Here we tested the direct effects of ionizing radiation on oocytes. Although the results are significant and open new areas of research, we believe that efforts should also be directed toward the study of radiation-induced bystander effects (RIBE), which are radiation-like inductions in cells that have not been irradiated [18] [19] [20] . RIBE is a novel phenomenon, which indicates that at low irradiation doses, pathophysiologic effects triggered via cell signaling are more important than direct DNA damage. Some of these studies have shown that, at low levels of exposure, the transport of bioactive substances from irradiated to unirradiated ''bystander'' cells can even amplify the damage. In preliminary studies, we have observed that while mouse oocytes exposed to direct irradiation (alpha particles) die by apoptosis, oocytes exposed to irradiated oocytes (indirect exposure) die by necrosis. This suggests a more aggressive insult, probably due to amplification of the initial signal. Hence, the growing realization that cell signaling can trigger important inductions in bystanders opens up several potential therapeutic strategies that could effectively protect animals and humans against solar/cosmic radiation-induced infertility; it is imperative to determine the potential hazard of RIBE in oocytes.
Bovine oocytes appear to be capable of surviving for relatively long periods after exposure to high-LET radiation. The persistence of these damaged cells may have implications not only for livestock production but also for characterizing long-term health risks associated with human activity in space. We are aware, however, that results obtained from the present experiments are for one cell type only and may or may not accurately reflect the induction and persistence of damage in other tissues. As such, additional studies would be necessary to obtain refined statistical estimates of the damage in various tissues at multiple times after exposure. Additionally, it is important to factor in the type of cosmic particles (primary or secondary) to be used in future experiments, because, as we pointed out in the introduction, we used Kr-78 radiation, which may be negligible in the secondary cosmic flux.
